The sequence of the 17,166-base-pair EcoRI C fragment of Epstein-Barr virus DNA, cell line B95-8, was determined. In vitro transcription was used to identify three RNA polymerase I promoters within this fragment of the virus. Cytoplasmic poly(A)+RNAs starting at these points were demonstrated in B95-8 cells induced into virus production with 12-0-tetradecanoylphorho 13-acetate. Uninduced B95-8 During infection, the viral DNA is transcribed by the host cell RNA polymerases II and III. Viral RNAs have been mapped onto the viral genome by RNA blot analysis (7). This method gives information on the size of the RNAs but does not closely map the ends of the RNAs or their orientation on the viral genome. We analyzed EBV gene expression by determining the viral DNA sequence and then mapping polymerase II transcription promoters on that sequence. We determined the sequence of the EcoRI C fragment and identified three RNA polymerase II promoters within that sequence. The promoters function in vivo because RNAs with the predicted 5' termini accumulate in B95-8 cells in response to TPA induction. The promoters we identified contain conserved blocks of sequence homology upstream of the start points of transcription.
stranded (ds) DNA of r170-kilobase (kb) length. The restriction map of EcoRI sites and BamHI sites is known, and these fragments of the virus have been cloned (4) (5) (6) .
During infection, the viral DNA is transcribed by the host cell RNA polymerases II and III. Viral RNAs have been mapped onto the viral genome by RNA blot analysis (7) . This method gives information on the size of the RNAs but does not closely map the ends of the RNAs or their orientation on the viral genome. We analyzed EBV gene expression by determining the viral DNA sequence and then mapping polymerase II transcription promoters on that sequence. We determined the sequence of the EcoRI C fragment and identified three RNA polymerase II promoters within that sequence. The promoters function in vivo because RNAs with the predicted 5' termini accumulate in B95-8 cells in response to TPA induction. The promoters we identified contain conserved blocks of sequence homology upstream of the start points of transcription.
MATERIALS AND METHODS
The B95-8 and Raji EcoRI C fragment clones were isolated from cosmid libraries (6) . The M13 clones 3BV20, SON28, and LEG34 were isolated during the DNA sequence determination. The sequence of the EcoRI C fragment was determined by the M13/dideoxy method (8-10) with random clones generated by sonication. The DNA sequence and a detailed analysis of its coding properties will be published elsewhere.
In vitro transcription was in HeLa (S3) cell extracts (11) as described (12) . Transcripts were analyzed by electrophoresis through denaturing polyacrylamide gels (13) or agarose gels after glyoxylation (14) .
B95-8 cells were grown in RPMI 1640 medium containing 10% fetal calf serum. Permissive infection was induced by adding TPA (20 ng/ml) and harvesting the cells 3 days later. Cytoplasmic RNA was extracted and chromatographed on oligo(dlcellulose as described (15) .
RNAs transcribed in vitro were mapped by the nuclease SI technique (16)with end-labeled ds DNA probes (see legends for details).
Single-stranded probes for mapping B95-8 cell RNA from the R and LI promoters were prepared by the "prime, cut" method (D. Bentley, personal communication). Single-stranded M13 clone DNA was hybridized to the sequence assay primer. A radioactive complementary strand was synthesized by using Klenow DNA polymerase and [a-32P]dATP as label. Afterdigestion with the appropriate restriction enzyme, the probe was separated from its complementary cold strand on a denaturing polyacrylamide gel (13) .
The ds DNA probe used for the L2 promoter was prepared by complementary strand synthesis from EBDS 27 as above but was digested with BstNI, and the probe was recovered from a native gel. RESULTS Sequence Analysis of the EcoRI C Fragment of EBV DNA. The sequence of the 17,166-base EcoRI C fragment was determined; major open reading frames, located by computer, are indicated on the diagram of the sequence (Fig. 1) . We searched the sequence for the A-A-U-A-A-A sequence, which is part of the signal for generation of the 3' end of mRNA (17) . Positions of several of these also are shown in Fig. 1 . Although RNA splicing is likely to be important in EBV gene expression, we cannot reliably predict from the sequence where splices actually occur.
The EcoRI C fragment of the B95-8 virus contains a deletion of 13.6 kb relative to most strains of EBV (18) . By sequence assay of the B95-8 and Raji EcoRI C fragments, the deletion was found to be located after base 9,326 of the B95-8 sequence.
Transcription from -Promoters Within the EcoRI C Fragment. We used in vitro transcription (11) (11, (19) (20) (21) . We used run-off transcription assays (22) to test various restriction fragments (designated as in Fig. 1 ) from the EcoRI C fragment. With this assay, the start of transcription is located at a distance equal to the length of the (Fig. 2, track 6 ). This comes from a promoter reading rightwards because the fragment designated Bam d (bases 5,321-6,429) gave a strong transcript, which was only 0.46 kb in length (Fig. 2, track 8 ). Thus, a transcription start is located at about base 5, 970 reading rightwards (the R promoter). The transcription of the Bgl b fragment was inhibited by a-amanitin at 0.5 pig/ml (Fig. 2, track 7) , so transcription was by RNA polymerase II.
The fragment designated Bam I (bases 6,429-12,061) was not separated from the pBR322 vector, so the transcription pattern (Fig. 2, track 10 ) should be compared with that of pBR322 cut with BamHI (Fig. 2, track 9 ). No specific transcripts were detected from the Bam I fragment, though the pBR322 gave a substantial amount of transcription as has been reported (24) . The fragment designated Bgl a (bases 7,775-14,902) did not yield any specific transcripts (Fig. 2, track 11) .
The Bgl d fragment yielded a 1.75-kb run-off RNA (Fig. 2 (Fig. 2, track 13) , so the direction of transcription from Bgl d is leftwards from a start at about base 16,650. We call this the Li promoter. This promoter should yield a 4.6-kb run-off transcript on the small A-R1 fragment. There were transcripts of this size (Fig. 2, track 13 ), but we are not certain about distinguishing these from end-to-end transcripts of 5 kb. We also transcribed (not shown) a subclone cut with Hpa I, which gave a run-off of about 500 bases, confirming that the LI transcription start is leftwards from about base 16,650.
To provide further support for the L2 and R promoters, M13 ds DNA clones containing the promoters (3BV20 and SON28) were transcribed. The predicted run-off transcripts of 280 and 310 bases (Fig. 2, tracks 18 Fig. 3 ). For promoter L2, 535 bases of the Bam X fragment were protected by in vitro transcripts (Fig.  3, track 3) , indicating a 5' terminus at base 590. For promoter R, the 465 protected bases of the Bam d probe (Fig. 3, track 7) indicate a start at about base 5,970. For promoter L2, the 65 protected bases of the BstNI probe (Fig. 3, track 13) (Fig. 4, tracks 3 and 4) . The signal was stronger with the poly(A)+RNA (Fig. 4, track 3 ) than with the poly(A)-RNA (track 4), even though 50 times as much poly(A)-RNA was used, so the RNA transcribed from the R promoter is a poly(A)+RNA. The RNA also is induced strongly by TPA; tracks 5 and 6 contain the parallel S1 mapping of poly(A)+RNA and poly(A)-RNA from uninduced B95-8 cells.
The Li promoter was mapped with a probe from clone LEG 28 containing EBV DNA from base 16,612 to a BstNI site at base 16,764. The probe was 187 bases long, containing 152 bases complementary to EBV DNA. We predicted a protected fragment of ;38 bases or a little longer, with a transcription start around base 16,650. The protected fragment was :40 bases long (Fig. 4, tracks 9 and 10) , confirming the in vitro start. Again the RNA was polyadenylylated (compare tracks 9 and 10 in Fig. 4) , and the RNA was strongly induced by TPA (compare tracks 9 and 10 with 11 and 12 in Fig. 4) .
The probe for the L2 promoter was made from clone EBDS 27 and contained EBV DNA from base 472 to base 749. If the L2 promoter starts transcription at about base 590, a protected fragment of 118 bases would be predicted. We observed two major protected fragments (Fig. 4, tracks 15 and 16 ), one 118 bases long and one 112 bases long, implying that in vivo transcription from the L2 promoter starts at about both bases 590 and 583. Again the RNA was polyadenylylated (Fig. 4 , tracks 15 and 16) and was strongly induced by TPA (compare tracks 15 and 16 with tracks 17 and 18).
In each nuclease S1 mapping experiment, some protection of is unlikely because the protected material is apparently polyadenylylated. In summary, all three promoters produce polyadenylylated RNAs, which accumulate during TPA induction of the productive virus cycle. DISCUSSION We tried to correlate the transcripts detected by RNA blotting analysis (7) with our results. There is (7) Hybridizations were in 50% formamide/0.5 M NaCl/40 mM Pipes, pH 6.4/1 mM EDTA overnight at 420C (tracks [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] or in 80% formamide/0.5 M NaCI/50 mM Pipes, pH 6.4/1 mM EDTA overnight at 490C (tracks [13] [14] [15] [16] [17] [18] . Samples were then treated with nuclease S1 (16) quence homologous to the "TATA" box (25) , which is found upstream of most polymerase II transcription starts. A TATA box alone is insufficient to promote in vitro transcription because the sequence T-A-T-A-A-A-A (identical with the adenovirus major late promoter TATA box) at position 15,520 in clone LEG 34 DNA is inactive (Fig. 2, track 21 ). Perhaps the sequence near the TATA box contributes to the activity of the promoter in vitro; the adenovirus major late promoter sequence is extremely G+C rich around the TATA box, whereas the LEG 34 sequence is not.
In vivo, promoter elements upstream of the TATA box, usually in the region -40 to -100, are crucial for promoter function (26) (27) (28) . There are remarkable sequence homologies in the DNA sequences upstream of the TATA boxes in the three EBV promoters (Fig. 5) . The sequence G-A-C-T-C-T-G-A is shared in an exactly equivalent position between promoters R and Li. The sequence C-C-C-C-C-T-A-A-T-T-C in promoter LI is present in an identical position in L2 with a single A residue inserted in the middle, and the sequence A-G-T-G-G-T-G-T-G-G-C-C in L2 at around position -45 is also present (one mismatch) in R at around -55. The sequence A-G-G-G-C-A-G-G-G-G present at -40 in Li is also present (one mismatch) around -62 in R. There is the capacity for formation of a stem loop structure in L2 between the sequences G-G-T-G-T-G-G-C (-45) and G-C-C-A-C-A-C-C (-67), and there is also an inverted homology between the sequences around -60 in R (G-G-G-G-T-G-T-G-G-C) and -70 in L2 (G-C-C-A-C-A-C-C-C-C). The sequences of promoters LI, R, and L2 downstream of the TATA boxes or upstream of position -100 are not so closely related.
We asked whether other eukaryotic promoters also contain these sequences. The G-A-C-T-C-T-G-A and C-C-C-C-C-T-A-A-T-T-C sequences are restricted to EBV DNA, but the A-G-G-G-G-T-G-T-G-G-C-C sequence is distributed more generally. With a consensus sequence of G-G-G-G-T-G-T-G-G-C-C and looking at 35 promoters, we found a homologous sequence in the EBV L2 and R promoters, the herpes simplex virus thymidine kinase gene (9/11 match), aherpesvirus early gene (9/11), a mouse ,B-globin (minor) gene (9/11), a mouse ,B-globin (major) gene (9/11), a rabbit p-globin gene (9/11), a human a-globin gene (9/11), a human f3globin gene (9/11) , and the adenovirus ElIa gene (10/11) . The homologous sequences are in the same orientation as in the EBV promoters in the thymidine kinase gene and in the adenovirus ElIa gene but in the opposite orientation in the others. In the globin genes, the herpesvirus early gene, and the adenovirus EIIa gene, the homologous sequence is around -90 from the transcription start, but, in the thymidine kinase gene, the homologous sequence is around -10. There is only a 1% chance of finding a 9/11 match in 50 bases of ds DNA sequence, so the homologies are highly statistically significant. A recent report (29) on the rabbit 3-globin gene promoter identifies the two regions required for efficient transcription of this gene as the "CAAT" box and the -81 to -95 region, which contains the 9/11 match to the G-G-G-G-T-G-T-G-G-C-C sequence element.
Some other promoters we have located in other parts of the virus have some of the sequence homology blocks at similar locations upstream of their TATA boxes, but others do not (unpublished results). This suggests the interesting possibility that different combinations of these homologous sequences might comprise signals for the control of the promoters, perhaps allowing them to be active at particular stages in the virus life cycle or to be independently regulated.
